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Cryopreservation methods using liquid nitrogen (LN 2 ) for gametes and embryos are prevalent in 
mammalian artificial reproduction. However, the pregnancy rate from frozen embryos has not improved 
over the past two decades because freeze-thawing causes significant damage. The strict regulation of 
transportation of LN 2 containers by airlines also limits exchange between breeders. In this article, we 
introduce a medium that enabled bovine embryos to be held for up to 7 days at 4° C. A pregnancy rate of 75% 
(24/32) was obtained for embryos held for 7 days in this medium and transferred to primed recipients. Its 
constituents were medium 199, foetal bovine serum, and HEPES for buffering. This technique will enable 
LN 2 -free storage and air transportation of embryos provided transplantation to recipients can be completed 
within 7 days. 
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Pregnancy rates after artificial insemination (AI) are as low as 5-10% on dairy farms in the hot season 1,2 , 
because bovine embryos are sensitive to the heat stress 3,4 , particularly between fertilization and day 7 of 
gestation. The technique of embryo transfer (ET) can eliminate such heat stress 5 " 7 , leading to markedly 
improved pregnancy rates. Bovine embryos produced in vivo are usually collected from superovulated cows 7 
days after oestrus, and transferred to recipient cows within 1 day. If the recipient cow is not at the desired phase of 
its oestrous cycle, the collected embryos are usually cryopreserved in liquid nitrogen (LN 2 ) until the recipient is 
ready. However, this is not appropriate for short-term storage because freezing with LN 2 inevitably causes 
cryodamage to the cells. 

Many cell preservation media that are effective at hypothermic ( + 4°C) 8 " 10 and cryogenic (— 196°C) 1113 
temperatures have been developed since the 1940s for the safe storage and transport of embryos. The latter 
approach using LN 2 has become dominant, especially in the field of artificial reproductive technology. However, 
the worldwide pregnancy rate using cryopreserved mammalian embryos has not been improved over the past two 
decades 14 , probably because the freeze-thawing processes cause significant damage. Thus, during thawing, dense 
cryoprotectants should be diluted very carefully to avoid rupturing the embryo by osmotic shock. Moreover, the 
transportation of LN 2 containers is strictly regulated by the International Air Transport Association (I AT A) 15 , so 
alternative ways have to be used for moving embryos, e.g., by train, truck or ship. Therefore, it is relevant to re- 
examine the feasibility of short-term non-freezing methods of preservation, and to investigate whether such 
methods could be applied to produce embryos with high vitality that are scheduled for transfer into recipients 
within several days. Therefore, it is necessary to develop a medium that maintains the viability of embryos at 4°C. 

Hypothermic storage of embryos was first explored in the 1940s 8,9 . Phosphate -buffered saline (PBS) containing 
10% (v/v) foetal bovine serum (FBS), was able to extend the preservation time of chilled bovine embryos to 1-3 
days at most, but pregnancy rates were less than 50% 16 . Clearly, a 3-day limit would be insufficient to allow 
transportation between distant cattle breeders. If embryos could be preserved without freezing for periods as long 
as one week, they could be stored in a home refrigerator, or on ice, and they could also be transported by air 
without using LN 2 containers. This would enhance the efficiency of cattle production, especially dairy cattle. The 
aim of this study was to develop and evaluate an efficient medium able to extend the lifespan of embryos under 
hypothermic conditions. 

Results 

Optimization of the FBS concentration and medium base. To determine the optimal concentration of FBS for 
hypothermic preservation, we stored blastocysts for 72 h at 4°C in PBS supplemented with FBS at a range of 
concentrations (0%, 5%, 20%, 50%, and 100%). One hundred blastocysts produced by in vitro fertilization (IVF) 
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Table 1 | Viability and hatching rates in vitro of bovine IVF-gener- 
ated embryos following storage at 4°C for 72 h in PBS supple- 
mented with various concentrations of FBS 



Percentage 
of FBS 


No. of 
blastocysts 


No. (%) of 
viable embryos 


No. (%) of 
hatching embryos 


0* 
5 

20 
50 
100 


20 
20 
20 
20 
20 


1 (5)° 
7(35) b 
5 (25) ab 
1 2 (60) b 
8 (40) b 


0(0)° 
2 (10)° b 
4 (20)° b 
7 (35) b 
1 (5)° 



a ' b Data with different superscript letters differ significantly (P< 0.05). 
*1 mg/ml polyvinyl alcohol. 



were randomly assigned to five experimental groups. The viability 
and hatching rates of the embryos after hypothermic storage at 4°C 
for 72 h were higher for embryos stored in PBS with 50% FBS than 
for embryos stored at other FBS concentrations (Table 1). 

Bovine embryos have generally been stored in PBS at hypothermic 
temperatures 9 , although one study preserved goat preantral follicles 
in medium 199 at 4, 20 and 39°C 17 . In addition, Yang and 
Honaramooz 18 reported that Leibovitz LI 5 medium (LI 5) was effec- 
tive for the hypothermic preservation of porcine testicular cells. We 
therefore examined the suitability of different basal media for 
hypothermic preservation. Ninety IVF-derived blastocysts were 
assigned randomly to three experimental groups. The viability rates 
of bovine IVF embryos after hypothermic storage for 72 h were 
significantly higher in embryos stored in medium 199 plus 50% 
FBS, compared with PBS plus 50% FBS, and L15 plus 50% FBS (P 
< 0.05; Table 2). We also examined the effect of other basal media 
(DMEM, SMEM, MEMalpha and RPMI) for hypothermic preser- 
vation. The viability rates of the embryos in these media were lower 
(0-16.7%) than in PBS and L15. Thus, medium 199 supplemented 
with 50% FBS was judged suitable as a basal medium for hypothermic 
preservation of bovine embryos. 

Effect of HEPES on hypothermic preservation. To evaluate the 
effect of HEPES, hypothermic preservation of embryos was 
performed in medium 199 plus 50% FBS, supplemented with 
various concentration of HEPES (0, 12.5, 25.0, 50.0 and 100 mM). 
We used 151 poor-quality embryos produced in vivo and assigned 
them randomly to five experimental groups. These embryos were 
collected from Japanese black beef cattle (Wagyu) donors. The 
viability and hatching rates of the embryos after hypothermic 
storage for 168 h were significantly increased for medium 199 plus 
50% FBS supplemented with 12.5-50.0 mM HEPES compared with 
medium without HEPES (P < 0.05, Table 3). We also assessed the 
viabilities of embryos stored in media supplemented with other 
Good's buffers (25.0 mM each of TES, PIPES, MOPS and EPPS). 
Although the viabilities in PIPES and MOPS were significantly 
higher than in the medium lacking buffers (P < 0.05), the results 
were inferior to storage using HEPES (Table 4). 



Table 2 | Viability and hatching rates of bovine IVF-generated 
embryos following storage at 4°C for 72 h in PBS, medium 1 99, 
or medium LI 5, each supplemented with 50% FBS 



No. of No. (%) of viable No. (%) of 
Stock solution blastocysts embryos hatching embryos 



PBS plus 50% FBS 


30 


1 8 (60) a 
27 (90) b 


1 2 (40) 


Medium 1 99 plus 


30 


17(57) 


50% FBS 








LI 5 plus 50% FBS 


30 


15 (50) a 


9(30) 



a ' b Data with different superscript letters differ significantly (P< 0.05). 



Table 3 | Viability and hatching rates of poor-quality bovine 
embryos produced in vivo by artificial insemination, following 
storage at 4°C for 168 h in medium 1 99 plus 50% FBS, supple- 
mented with various concentrations of HEPES 



Concentration 
of HEPES (mM) 


pH* 


No. of 
embryos 


No. [%) of 
viable 
embryos 


No. (%) of 
hatching 
embryos 


0 

12.5 
25.0 
50 
100 


7.7 
7.4 
7.0 
6.8 
6.9 


30 
35 
36 
30 
20 


3(10)° 
1 9 (54) b 
25 (69) b 
22 (73) b 
1 3 (65) b 


1 (3)° 
9 (26) b 
13 (36) b 
10 (33) b 
4 (20) ab 



a ' b Data with different superscript letters differ significantly (P< 0.05). 
*Medium pH at the end of chilling preservation. 



Evaluation of pregnancy rates and birth rates. To examine the 
pregnancy rate of chilled embryos, 32 high-quality Wagyu em- 
bryos produced in vivo were stored at 4°C for 168 h in 25 mM 
HEPES medium 199 plus 50% FBS. Because all of the chilled 
embryos stored for 168 h showed good morphology (Figure 1), 
they were transferred to recipient heifers. The pregnancy rate of 
the chilled embryos was extremely high: no embryonic death was 
observed between pregnancy days 30 and 60 (Table 5) and no 
abortions in late gestation were observed. The pregnancy rates for 
the chilled embryos were similar to those for fresh and conven- 
tionally frozen embryos (Table 5). The rates of producing live 
calves from embryos stored at 4°C (79.2%, 19/24) were the same as 
those of fresh and frozen embryos (80.0%, 20/25; the remaining 
recipient heifers are still pregnant). Approximately half (53.1%, 26/ 
49) of the calves born to these heifers were delivered unassisted, 
whereas 20.4% (10/49) were classified as suffering severe dystocia 
and died. A similar result has been reported by Lombard et al 19 . We 
did not observe malformation or large offspring syndrome (LOS) in 
the dead calves. There were no significant differences in the mean 
(±SEM) birth weight of live calves from chilled embryos (34.2 ± 
6.4 kg; n = 19) versus non-chilled embryos (38.3 ± 4.9 kg; n = 20) 
or gestation lengths (chilled embryos 289.2 ± 4.9 days, non-chilled 
embryos 288.6 ± 5.7 days; P > 0.05). All the live calves stood up 
when born, and suckled and appeared to be normal and healthy 
(Figure 2). 

Discussion 

Little is known about the hypothermic preservation of mammalian 
embryos, particularly bovine embryos because LN 2 cryopreservation 
has generally been applied to embryo storage for cattle production. 
Serum additives or bovine serum albumin (BS A) -based preparations 
are widely used as supplements for cryopreservation medium, des- 
pite the undefined nature of serum composition 20,21 . These additives 



Table 4 | Viability and hatching rates of poor-quality bovine 
embryos produced in vivo by artificial insemination, following 
storage at 4°C for 1 68 h in medium 1 99 plus 50% FBS supple- 
mented with various Good's buffers 



Good's buffers 
(25 mM) 


No. of 
embryos 


No. (%) of viable 
embryos 


No. (%) of hatching 
embryos 


No buffer 

HEPES 

TES 

PIPES 

MOPS 

EPPS 


30 
36 
20 
20 
20 
20 


3(10)° 
25 (69) b 

6 (30) ac 

8 (40) bc 

9 (45) bc 

7 (35) ac 


1 (3)° 
13 (36) b 

3(15) ab 
5 (25) ab 
5 (25) ab 

2 (10) ab 



a c Data with different superscript letters differ significantly (P< 0.05). 
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Figure 1 | (a) Bovine blastocyst just after collection from the uterus. 

(b) Chilled embryo stored for 168 h in medium 199 with 25 mM HEPES 

and 50% FBS. 

were reported to protect cell membranes during the freezing pro- 
cess 22 . Although it was shown that bovine embryos could be stored in 
PBS containing 10% bovine serum at hypothermic temperatures 16 , 
the optimal concentration of serum has not been evaluated. 
Therefore, we determined the optimal concentrations of serum or 
BSA in stock solution during "non-freezing" chilled preservation. In 
our preliminary tests, the survival rate of bovine embryos after 
hypothermic storage at 4°C for 72 h was higher in embryos stored 
in medium with 50% FBS compared with low (4 mg/ml) or high 
(10 mg/ml) concentrations of BSA. Our results suggest that the con- 
centration of FBS in the medium affects the survival rate of embryos 
after chilling preservation; the optimal concentration in the present 
study was 50%. 

Serum contains a wide variety of substances, including energy 
substrates, growth factors, cytokines and hormones 23 . It also contains 
amino acids that play important roles as osmolytes and pH buffers 24 . 
On the basis of our observations, it could be assumed that a high 
serum concentration in the hypothermic medium enhanced embryo 
viability following chilling preservation. However, the addition of 
serum to culture medium for embryos causes alterations in mito- 
chondrial structure 25 , which could impair the ability of bovine 
embryos to metabolize lipids 26 . Moreover, the LOS has been 
described in late ruminant gestation and causes significant numbers 
of perinatal deaths following culture of IVF-derived embryos in the 
presence of serum 27 . LOS is characterized by a multitude of pathol- 
ogies, including high birth weights (>50 kg), increased gestation 
length, frequent dystocia and elevated abortion rates. Although the 
artificial-dormancy medium that we developed contains a high con- 
centration of serum in the form of FBS, the rates of abortion, dysto- 
cia, and full- term births of embryos stored at 4°C were the same as 
those of fresh and conventionally frozen embryos, as were their birth 
weights and gestation lengths. During chilling preservation, the 
metabolism of embryos is inhibited and the embryos are dormant. 
Thus, these results suggest that the presence of serum during chilling 
preservation does not inevitably affect the later health of offspring 
during gestation. 

The most commonly used basal medium for hypothermic preser- 
vation of bovine and sheep embryos is PBS 16 ' 28 ' 29 . We examined effect 
of FBS on preservation when PBS, medium 199, and LI 5 were used as 
basal media. Although all three media containing FBS showed more 
than 50% viability rates after preservation at 4°C for 72 h (Table 2), 
the best preservation result was obtained with medium 199. It was 



reported that PBS and LI 5 with phosphate buffers were more effi- 
cient than bicarbonate-buffered medium 199 or DMEM for 
hypothermic storage 18 . Furthermore, medium 199 was found to be 
unsuitable for the short-term preservation of porcine oocytes at 
ambient temperature 30 . Our results are inconsistent with these obser- 
vations and indicated that medium 199 was superior. This suggests 
that neither phosphate nor bicarbonate buffers are essential for the 
'chilled' storage of embryos. Indeed, our preliminary experiments 
showed that both medium 199 and PBS preserved the viabilities of 
bovine embryos stored for 72 h at ambient temperature. Thus, med- 
ium 199 would also be expected to maintain embryonic cells in a 
chilled environment. 

We next focused on the concentration of HEPES in hypothermic 
medium. The presence of HEPES dramatically improved the viability 
of bovine embryos stored at 4°C in medium 199 plus 50% FBS. 
HEPES is one of Good's buffers, widely used in cell culture because 
it is better at maintaining physiological pH despite changes in C0 2 
concentration. The optimal physiological pH for mammalian cells is 
usually considered to be pH 6.8-7.2. In this study, although the pH 
range of media buffered with HEPES at the end of the preservation 
period was 6.9-7.4, that of the medium without HEPES was slightly 
higher (7.7, Table 3). This suggests that an elevation of pH in 
hypothermic medium impairs the viability of chilled embryos. 
Therefore, we examined whether Tris, another widely used buffering 
agent, could improve the viability of chilled bovine embryos. The 
viability after 168 h was only 10% when embryos were stored in 
medium 199 with 50% FBS supplemented with 20 mM of Tris, 
although this medium remained stable at pH 7.2-7.3 after use. 
Thus, HEPES has beneficial effects for embryo preservation, allowing 
only minor biochemical effects during hypothermic preservation. 

For example, there is a possibility that HEPES might change the 
efflux of P- glycoprotein 31 . This is distributed and expressed exten- 
sively in early embryonic cells 32 and is an ATP-dependent efflux 
pump with broad substrate specificity. It probably evolved as a 
defence mechanism against harmful substances. Furthermore, HE- 
PES suppresses the action of chloride channels 33 . Rubinsky et al. 
reported that the inhibition and suppression of ion channel activities 
were important for chilling preservation of mammalian cells 34 . 
Therefore, our results suggest that supplementation with HEPES in 
medium has a beneficial influence on the plasma membrane of 
embryonic cells during cold storage. Although the HEPES concen- 
trations used in incubation buffers differ greatly from laboratory to 
laboratory, with a range of 10-100 mM 35 36 , 25 mM HEPES is one of 
the most commonly added ingredients in biological buffer systems. 
Taken together, medium 199 plus 50% FBS supplemented with 
25.0 mM HEPES was the most suitable for hypothermic preservation 
of bovine embryos. The pregnancy rate of chilled embryos stored in 
the artificial dormancy medium was extremely high in this study. 
This protocol might be useful when a recipient animal is a few days 
before the optimal time for ET in its oestrous cycle and this would 
enable direct ET, which would simplify fieldwork. This technique 
could enhance the efficiency of worldwide dairy cow production, 



Table 5 | Pregnancy rates of high-quality bovine embryos pro- 
duced in vivo by artificial insemination, following storage at 
4°C for 1 68 h in 25 mM HEPES medium 1 99 plus 50% FBS 

No. of embryos No. (%) of pregnant No. (%) of pregnant 
Group transferred cows day 30 cows day 60 

Chilled 32 24(75) 24(75) 

Fresh* 39 30(77) 30(77) 

Frozen** 42 29(69) 29(69) 

Transferred into uterus of recipient heifers within 3 h after flushing. 
"Conventional freezing method 28 using LN2. 




Figure 2 | A one-day-old calf produced from a chilled embryo stored for 
168 h. 
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medium (70 pJ) containing one bovine embryo medium (70 ^d) 



Figure 3 | Volume of each component in the loading procedure. 



and might even be extended to endangered species and laboratory 
animals. 

In conclusion, maintaining artificial dormancy of bovine embryos 
using a simple medium appears to be feasible. This is the first docu- 
mented success of storing chilled mammalian embryos in a viable 
state for 1 week. However, to be of practical value, mammalian 
embryo preservation at hypothermic temperatures must be able to 
maintain viability for even longer periods. 

Methods 

Animal care. The Committee for Experimental Animals of Zen-noh Embryo 
Transfer Center approved all animal procedures in this study. Donor cows (3-7 years 
old) and recipient heifers (14-18 months old) were fed the same food, and water was 
supplied ad libitum. The herds were comprised considering body constitution and 
social hierarchy. 

Chemicals. All chemicals were purchased from Sigma- Aldrich (St. Louis, MO, USA) 
unless otherwise stated. 

Oocyte maturation and in vitro fertilization (IVF). The in vitro production system 
(maturation and IVF of oocytes and culture of embryos) used the methods reported 
by Ideta et aV 7 . Briefly, bovine ovaries were obtained at a local slaughterhouse and 
brought to our laboratory in sterile saline solution of 0.85% NaCl after testing the 
donors for bovine spongiform encephalitis infection. The cumulus-oocyte complexes 
(COCs) were aspirated from 2-7 mm diameter follicles. Only COCs with a compact, 
non-atretic cumulus oophorus and corona radiate, and a homogenous ooplasm were 
selected for in vitro maturation. Groups of 30-40 COCs were cultured for 22 h with 
700 ul of tissue culture medium 199 containing 25 mM HEPES (Invitrogen, 
Carlsbad, CA, USA, Cat. no. 12340) and 5% FBS (MP Biomedicals, Illkirch, France, 
Cat. no. 2917354) in 4-well tissue culture plates (Nunc, Nalge Nunc International, 
Roskilde, Denmark) under sterile paraffin oil (Nacalai Tesque, Kyoto, Japan) at 
38.5°C under 5% C0 2 in air with high humidity 37 . 

IVF was performed using IVF 100 medium (Research Institute for the Functional 
Peptides, Yamagata, Japan) according to the manufacturer's instructions. Briefly, 
frozen-thawed spermatozoa were washed twice by centrifugation (600 g for 10 min) 
in IVF 100 medium. The sperm pellet was diluted with IVF 100 to prepare a final cell 
concentration of 5 X 10 6 /ml. After maturation, COCs were washed three times with 
IVF 100 and then transferred into droplets of sperm cell suspension (30 oocytes/ 
100 ul droplet under sterile paraffin oil). These were incubated for 6 h at 38.5°C 
under 5% C0 2 in air with high humidity. 

IVF-derived embryos were co-cultured with a bovine cumulus cell monolayer in 
700 ul of CRlaa medium 38 with 5% FBS for 7 days in 4-well tissue culture plates under 
sterile paraffin oil at 38.5°C under 5% C0 2 in air with high humidity. On day 7, grades 
1 to 2 (high-quality) blastocysts according to the International Embryo Transfer 
Society (IETS) classification 39 were used for further study. 

Collection of in vivo fertilized embryos. Embryos produced in vivo by artificial 
insemination were collected from superovulated Wagyu cows. Briefly, oestrus was 
synchronized with a progesterone-releasing intravaginal device (PRID, ASKA 
Pharmaceutical Co., Ltd., Tokyo, Japan) inserted into the vagina on random days of 
the oestrus cycle for 9 days. Two days before removal of the PRID, prostaglandin 
F 2a i p ha (PGF 2oc ) (2 ml, Resipron-C containing 0.25 mg/ml Cloprostenol, ASKA 
Pharmaceutical Co., Ltd.,) was administered to the cows by intramuscular (i.m.) 
injection 40 . The superovulatory treatment began in the mid-luteal phase of the oestrus 
cycle (days 8-10) and consisted of six decreasing i.m. doses of follicle- stimulating 
hormone (FSH, total of 20 Armour units, Antrin R-10, Kawasaki-Mitaka, Kanagawa, 
Japan) for 3 days with treatment twice daily. PGF 2oc was injected i.m. at the fifth FSH 
treatment. In addition to this superovulatory treatment, 1 ml of gonadotrophin- 
releasing hormone analogue (Conceral injection containing 50 ug/ml fertirelin 
acetate, Schering-Plough Animal Health K. K., Tokyo, Japan) was administered i.m. 
48 h after the PGF 2oc treatment to induce ovulation of the growing follicles. The cows 
were then artificially inseminated with frozen-thawed semen. On day 7 (day 0 = day 
of oestrus), a multi-eye 16-French embryo collection catheter (Nipro Corp., Osaka, 
Japan) was non- surgically inserted into the cows and embryos were collected from the 
uterus by uterine flushing. The flushing medium consisted of lactated Ringer's 
solution (Terumo Corp., Tokyo, Japan) supplemented with 0.1% FBS. Grades 1 to 2 



(high quality) and 2.5 (poor quality) embryos were used in this study according to the 
IETS classification 39 . 

Hypothermic storage of bovine embryos. Bovine embryos were washed three times 
in each test medium (see below) and loaded into a plastic straw (1/4 cm 3 clear straw, 
Pets-Inc, Canton, TX, USA). Then, after 20 min at room temperature, the embryos 
were stored at refrigeration temperature (4 ± 1°C, Medicool, Sanyo, Osaka, Japan) for 
72 or 168 h. 

Optimizing the concentrations of FBS, medium base and HEPES. IVF-derived 
blastocysts were stored for 72 h at 4°C in a plastic straw containing PBS (Invitrogen, 
Cat. no. 21300) plus 0%, 5%, 20% 50% or 100% of FBS (MP Biomedicals, Cat. no. 
2917354). The following mixtures were loaded into the straw from left to right: PBS 
with 5% FBS, an air bubble, test solution (PBS with 0-100% FBS) containing 2-5 
bovine embryos, another air bubble, and more PBS with 5% FBS. The straw was sealed 
hermetically. One mg/ml polyvinyl alcohol was added to the PBS lacking FBS. The 
loaded straws were placed in a refrigerator set to 4°C. After 72 h, the stored embryos 
were transferred from the straw to 3 ml of PBS with 5% FBS and washed three times 
with the same medium. The embryos were incubated with PBS plus 5% FBS for 15 min 
at room temperature, then transferred to CRlaa medium 38 supplemented with 5% FBS 
for 48 h at 38.5°C under 5% C0 2 in air with high humidity. The viability and hatching 
rates of the embryos were estimated at the end of the culture period. Briefly, embryos 
that appeared dark and shrunken with no cell proliferation or cellular integrity were 
judged to have degenerated. Viable embryos that had made a clear breach of the zona 
pellucida with the trophectoderm were classified as hatching blastocysts. 

Although bovine embryos have been stored in medium such as PBS at hypothermic 
temperatures 16 , medium 199 can be used in preserving goat preantral follicles at 4, 20 
and 39°C 17 . Furthermore, Yang and Honaramooz 18 reported that LI 5 could be used 
effectively as a defined medium for the hypothermic preservation of porcine testicular 
cells. Next, IVF-derived blastocysts were stored at 4°C in a plastic straw in one of the 
following three media from Invitrogen: PBS (Cat. no. 21300), medium 199 (Cat. no. 
12340) or L15 (Cat. no. 41300), all with 50% FBS for 72 h. We also examined the 
effects of four other basal media from Invitrogen: DMEM (Cat. no. 11885), SMEM 
(Cat. no. 11385), MEMalpha (Cat. no. 12571) and RPMI (Cat. no. 11875) for 
hypothermic preservation. Following storage, the embryos were cultured in vitro for 
48 h and assessed for viability and hatching rate as above. 

Poor-quality Wagyu blastocysts produced in vivo were stored at 4°C in a plastic 
straw in medium 199 without HEPES (Invitrogen, Cat. no. 11150) plus 50% FBS 
supplemented with various concentrations of HEPES (0, 12.5, 25.0, 50.0 and 100 mM; 
Dojindo, Kumamoto, Japan, Cat. no. 348-01372) for 168 h. We also examined the 
effect of Good's buffers— 25.0 mM each of TES, PIPES, MOPS and EPPS— and 
20 mM Tris 41 buffer in addition to HEPES. Following storage, the chilled embryos 
were cultured in vitro for 48 h and assessed for viability and hatching rate as above. 

Evaluation of pregnancy rates using chilled embryos and live births. High-quality 
Wagyu embryos (morula to blastocyst stages) produced in vivo were stored for 168 h 
at 4°C in a plastic straw in medium 199 plus 50% FBS supplemented with 25 mM 
HEPES (hypothermic medium). The following mixtures were loaded into the straw 
from left to right: hypothermic medium, an air bubble, hypothermic medium 
containing one bovine embryo, another air bubble, and more hypothermic medium. 
The straw was sealed hermetically (Figure 3). The loaded straws were placed in a 
refrigerator set to 4°C. After 168 h, the stored embryos were transferred into PBS with 
5% FBS and washed three times in the same medium. We observed the morphology of 
the chilled embryos using light microscopy (Leica Wild M3Z, Leica, Wetzlar, 
Germany) and determined whether ET would be possible. The chilled embryos were 
reloaded into plastic straws with the washing medium and transferred non- surgically 
into Holstein heifers (one embryo per recipient) to the uterine horn ipsilateral to the 
existing corpus luteum using an ET device (mo-No. 1, Misawa Medical Industry Co., 
Ltd, Tokyo, Japan) on days 6-8 of the oestrous cycle (day of oestrus = day 0). 
Pregnancy was determined by real-time B-mode ultrasonography (Convex scanner 
HS-1500, Honda electronics Co. Ltd., Toyohashi, Japan) on days 30 and 60 of 
gestation. Non-chilled, fresh and frozen 42 embryos were used as controls. In this 
study, calves were delivered spontaneously without induction of parturition. 

Statistics. Data were analysed using Stat View software (version 5, SAS Institute, Cary, 
NC, USA). The statistical significance of any differences between treatments was 
assessed by Chi- squared (viability, hatching and pregnancy rates for chilled embryos) 
and Student's t tests (calf birth-weight and gestation length) and P < 0.05 was taken as 
significant. 
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